In recent years fluorinated polyhedral oligomeric silsesquioxanes (POSS) have been established as useful for the fabrication of superhydrophobic surfaces, however little attention has been paid to their use for making ultrathin coatings by the Langmuir-Blodgett method. On the other hand, recently POSS compounds have been recognized as a new group of film-forming materials. In this study the interfacial behavior of fluorinated polyhedral oligomeric silsesquioxanes (POSS) mixed with silica nanoparticles was studied at the air/water interface. Surface pressure-area isotherms and Brewster angle microscopy revealed the formation of a mixed film. Incorporation of nanoparticles in a POSS monolayer caused formation or more condensed and rigid film as shown by analysis of compressibility and dilatational viscoelasticity. On the other hand POSS molecules act as an excellent dispersant which prevents silica nanoparticles from aggregation. Deposition of the Langmuir-Blodgett film composed of POSS and silica nanoparticles allowed a hydrophobic surface showing water contact angles reaching 135 to be obtained, which suggests possible application of our approach in the fabrication of ultrathin, water-repellent coatings.
Introduction
In recent years materials and their assemblies of dimensions down to a few nanometers have attracted considerable scientic interest. Many techniques have been developed for their synthesis, characterization, functionalization as well as transfer of nanomaterials on solid substrates. [1] [2] [3] Nanoparticles can serve as building blocks for complex thin lm structures. In particular, they self-assemble into mono-and multilayers under certain conditions. For instance the Langmuir-Blodgett (LB) technique allows rigid nanomaterials to be aligned in wellordered structures through a exible assembly process at the air/water interface. This deposition technique is one of the best methods used to manipulate materials at the molecular level. Literature provides a few reports on the fabrication and characterization of the solid particles in Langmuir monolayers and Langmuir-Blodgett lms. 4 Some authors have focused particularly on colloidal silica particles and nanoparticles. 5 It has been found that hydrophilic silica particles are not stable at the air/ water interface and preferably stay in the water phase. Therefore, in many studies and applications silica particles have been modied by coupling with silane agents 6 to render the hydrophobic surface.
Numerous applications of nanoparticles in cosmetics and drugs have fostered a debate on their safety in contact with living cell. For instance, the interest in interactions of nanoparticles with human tissue represented by pulmonary surfactant led to studies on the dynamic behavior of monolayers composed by lipids in the presence of nanosized silica.
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Currently, research work on silica derivatives is focused on polyhedral oligomeric silsesquioxanes (POSS), which have been recognized as hybrid compounds showing properties inbetween ceramic materials and polymers. Depending on the number and type of functional groups substituted to the rigid silicon-oxygen cage, these compounds may be treated as molecular silica, mono-or multifunctional POSS. 9 The chemical structure of POSS can be easily modied by substitution of various functional groups, which permits numerous applications. Among all silsesquioxanes uorinated POSS (F-POSS) deserve special attention due to numerous applications including fabrication of superhydrophobic and superoleophobic materials. [10] [11] [12] The well -dened POSS structure is important for their application in nanocomposites.
It is known that incorporation of nanoparticles into polymeric matrices is an important subject in material engineering. POSS molecules are widely used as stabilizers that ensure appropriate constant distance between single nanoparticles.
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The incorporation of POSS into polymer matrices is usually performed via chemical cross-linking or physical blending and thus signicant improvement in polymer properties is achieved.
14 The study of POSS incorporation into polymers has intensied in recent years, revealing new fundamental knowledge and unexpected applications. Silsesquioxanes have been oen used for surface functionalization of nanoparticles like titanium dioxide for transparent acrylic UV blocking hybrid coating. 15 Moreover, signicant success in novel SiO 2 /silane/ POSS functional hybrids has been reported. 16 Growing interest in promising biomedical applications of silsesquioxanescontaining nanocomposites is also worth mentioning.
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Several incompletely-condensed POSS materials have been recognized as amphiphilic compounds that organize at the air/ water interface into a monomolecular lm. 19, 20 Therefore using Langmuir technique and the selected POSS molecules one can study the interactions between polymer and these nanollers in a "two-dimensional" monolayer system. In 2014 we reported the rst fully-condensed, multifunctional POSS, octakis[{2-(3,4-epoxycyclohexyl)etyl}dimethylsilyloxy]octasilsesqui-oxane that forms stable Langmuir lm. 21 Recently, Paczesny et al. demonstrated another fully-condensed, monofunctional POSS compounds bearing glycerol unit, maleamic acid and amino group which behave like typical amphiphiles. 22 On the other hand, POSS, especially uorinated derivatives, were recognized as excellent materials for fabrication of water-repellent surfaces.
23 These ndings suggest new, possible approaches to thin lm technology with the use of these nanomaterials. To be clear, numerous studies have indicated that POSS compounds are excellent for fabrication of superhydrophobic and oleophobic coatings [24] [25] [26] but little attention has been paid to POSS deposition using Langmuir-Blodgett technique which ensures deposition of well-ordered, ultrathin lm of controlled thickness.
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In this study we investigated partially uorinated, multifunctional POSS and silica nanoparticles spread together at the air/water interface. While silica nanoparticles are usually used in coating technology for improvement of surface roughness, uorinated compounds ensure low surface energy. Therefore, the aim of this research was to form the monomolecular lm composed of uorinated POSS molecules and SiO 2 nanoparticles at the air/water interface and aerwards to deposit it on a solid substrate. First, we tried to investigate the ability of selected POSS to form uniform monolayer at the air/water interface and study the effect on NP incorporation, then we tested the conditions for successful lm deposition using the LB method.
Experimental

Materials
The silsesquioxanes used in this study were synthesized according to the method described by Dutkiewicz et al. 28 Three derivatives with different ratio of uorinated groups (R 1 ) to glicydyloxypropyl (R 2 ) groups were used: tetrakis({1,1,2,2,3,3,4,4-octauor-pentyloxypropyl} dimethylsiloxy)tetrakis({3-glicydoxypropyl}dimethylsiloxy)octasilsesquioxane, abbreviated as POSS 4:4, (hexakis({1,1,2,2,3,3,4,4,-octauorpentyloxypropyl}dimethy-lsiloxy))-bis({3-glicydyloxypropyl}dimethylsiloxy)octasilesquioxane, abbreviated as POSS 6:2 and heptakis({1,1,2,2,3,3,4,4-octauoropentyloxypropyl}dimethylsiloxy)({3-glicydoxypropyl}-dimethylsiloxy)octasilsesquioxane, abbreviated as POSS 7:1, as shown in Fig. 1 . Functionalized silica nanoparticles of 15 nm in diameter dispersed in dimethyformamide (2.5% w/v) were purchased from Sigma Aldrich. For preparation of spreading solutions chloroform of high purity (Uvasol, Merck) was used. The experiments were performed using pure POSS solutions and POSS-nanoparticles (POSS-NP) mixtures at different silica concentrations (0.5, 1.0, 1.5 and 2.0%) in spreading solution. View Article Online 13 C NMR (C 6 D 6 , 298 K, 75. . Aer 20 minutes the p-A isotherm was obtained upon symmetrical compression of the liquid surface due to movement of the barriers. This time was checked to be sufficient for chloroform evaporation and equal nanoparticles distribution in POSS-NP mixtures. During all measurements the temperature was kept constant by a Julabo circulator. Before the experiment, the surface of the subphase was cleaned using a suction pump (supplied by KSV Nima) until the change in the surface pressure aer maximum compression was below 0.2 mN m À1 . The spreading of all samples on the subphase was made with a gas-tight Hamilton microliter syringe. The compression was performed at a constant rate (5 mm min À1 ).
Methods
NMR
Each experiment was repeated at least three times to ensure the reproducibility of the curves to AE2Å 2 . Floating optical table (Standa) under the Langmuir trough and all other devices reduced vibrations and Laminar ow hood (Alpina) surrounding the equipment eliminated dust from the environment. Brewster angle microscopy. Brewster angle microscope Mini-BAM (KSV Nima) connected with Langmuir trough was used to visualize the morphology of the lms. Domains of different shapes and sizes observed as different reection density or different grey levels indicate the monolayer phases. This morphology reects also changes in the monolayer thickness due to formation of three-dimensional aggregates. The laser diode (659 nm) was used as light source. The camera had the eld of view 3.6 Â 4.0 mm and the resolution was approx. 6 microns per pixel (i.e. better than 12 micron resolution according to Rayleigh's criterion; the system is not diffraction limited). A at black glass plate was placed under the subphase to absorb the refracted beam. BAM images were taken simultaneously with lm compression at different surface pressures.
Dilational rheology. Dilational viscoelasticity of the lms was investigated with the use of the oscillating barrier method. This technique is particularly suitable for evaluation of stability of the monolayers in dynamic conditions. Upon stress application, the monolayer undergoes area deformation. The monolayer was rst compressed to a desired surface pressure and le for relaxation. The surface pressures chosen for measurements ( 
The imaginary part is equal zero when a monolayer is perfectly elastic, while for a perfectly viscous material, the real part is zero. The loss angle tangent, tan q can be dened as the ratio of E 00 to E 0 . If tan q > 1, the monolayer has more viscous character, while tan q < 1 implies elastic behavior. For most systems encountered in industry and in biological systems these relationships are nonlinear and the observed behavior is intermediate between purely viscous and purely elastic. Deposition and characterization of Langmuir-Blodgett lms. For preparation of an LB lm, the POSS-NP mixture was spread at the air/water interface and compressed to a desired surface pressure. Aer $20 minutes the lm was transferred onto a glass plate followed by careful cleaning of the substrate by RCA1 solution. The deposition was performed during one upward stroke of a dipper operated together with LangmuirBlodgett trough by KSV Nima soware. The quality of the lm can be described by the transfer ratio (TR), which is dened as the ratio between the decrease in monolayer area during a deposition stroke and the area of the substrate. For ideal transfer, TR is equal to 1. Aer drying the plate, advancing contact angle (WCA) was measured using the drop shape method (Tracker, IT Concept) using ultrapure water as the liquid. The average WCA for clean glass was 5.3 AE 0.9. Each measurement was repeated three times and the average values were reported.
Results and discussion
Isotherm studies
In the rst stage of this study we obtained p-A isotherms for pure silsesquioxanes. Fig. 2 , for POSS 7:1 are also similar to those obtained for the mentioned OE-POSS. Taking into account a similar chemical structure of both compounds, one can assume, that POSS 7:1 forms a monomolecular lm at the air/water interface. This issue will be discussed later together with the interpretation of BAM images.
For POSS 6:2 and POSS 4:4 we observed identical values of A li-off and only slight differences between limiting areas. The collapse behavior, without characteristic surface pressure decrease, seems to be similar to that of the fully-condensed POSS with glycerol units.
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The collapse surface pressure was determined as the interception of two linear regions of the curve. A closer look at the data indicates that the number of uorinated groups in POSS structure has a signicant impact on the collapse surface pressures, p coll which are equal to 14 mN m À1 , 16 mN m À1 and 20.5 mN m À1 for POSS 7:1, POSS 6:2 and POSS 4:4, respectively.
The highest p coll was achieved for the symmetrical POSS 4:4 and the lowest for the most hydrophobic POSS 7:1. These nding suggest that 7 uorinated substituents oriented towards air prevent the monolayer to be compressed to the higher values of p and the lm is disrupted. It seems that the balance between hydrophobic and hydrophilic substituents is the most favorable for POSS 4:4. Thus, increasing number of uorinated substituents in POSS cage destabilize the lm. For POSS 6:2 and POSS 4:4 there are few possible arrangements of the side groups attached to the silsesquioxanes cage in these compounds, while POSS 7:1 has very well dened chemical structure. Therefore we decided to focus on POSS 7:1 in further experiments, despite lower collapse surface pressure. In order to form POSS-NP lm at the air/water interface we spread on water subphase a mixture of POSS 7:1 and silica at different NP concentrations. The obtained isotherms, shown in Fig. 3 , indicated a signicant inuence of silica NP on the lm properties. The A li-off values are higher for POSS-NP mixtures. The area occupied by a single POSS molecule is also greater which suggests incorporation of SiO 2 into the lm. Moreover, p-A isotherms show different shape and indicate a different collapse behavior. Looking for likely explanations of these ndings, several possible effects must be taken into account: (I) existence of chemical bonds between functional amine group on the silica surface and terminal glycidyl moiety in POSS molecule;
30 (II) competition for the available space in water subphase between carboxyl and epoxy groups on the silica surface and in POSS molecules respectively; (III) difference in cross-section areas between functionalized SiO 2 and POSS molecules.
According to the typical reaction between amine and epoxy groups during formation epoxy resins, 31 the -NH group in functionalized silica NP may react with H 2 C-O-CH 2 group in POSS 7:1. As a result, cross-linked structures can be formed analogous to epoxy resins containing silica nanoller. 32 On the other hand the competition between carboxylic group at the silica surface and glycidyl group in POSS molecules may cause both ordering at the interface and molecular reorientations resulting from rejection of glycidyl moieties and replacing them by more hydrophilic carboxylic groups in the initial stages of lm formation. Moreover, this competition is strongly dependent on silica concentration. Since silica particle occupies larger area at the interface than a single POSS molecule, this mechanism may play a signicant role in the collapse behavior. As shown in Fig. 3 the silica-containing lms collapse at higher surface pressures than pure POSS 7:1, however due to a limited Fig. 2 The p-A isotherms of ( ) POSS 4:4, ( ) POSS 6:2, ( ) POSS 7:1 at 25 C. Fig. 3 The p-A isotherms of ( ) area of the trough it was impossible to determine the exact value of p coll for the mixtures. Signicant difference in silica NP's diameter (15 nm) and POSS cage may also have impact on the surface pressure-area isotherm.
A typical POSS cage being 0.5 nm in diameter (without side groups) occupies around much smaller area than a single silica nanoparticle which is 15 nm in diameter (assuming very high monodispersity of silica, as declared by the supplier). This difference may restrict the interactions between POSS molecules and improve the monolayer stability. On the other hand, POSS moieties distributed between silica nanoparticles may hinder the unfavorable NPs agglomeration.
Moreover, different size of nanomaterials is oen necessary in successful fabrication of hydrophobic coatings. For instance Tsai et al. demonstrated the formation of a stable, superhydrophobic surface by coupling of successive LangmuirBlodgett depositions of micro-and nano-sized silica particles on a glass substrate with the formation of a self-assembled monolayer of dodecyltrichlorosilane.
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On the basis of p-A isotherms, the static elasticity (compressional modulus) was calculated according to the equation:
Compressional modulus reects variations in the physical state of monolayers and helps to understand molecular arrangement. According to the criterion given by Davies Addition at least 1.5% of silica to POSS 7:1 made the lm more condensed with C s À1 values reaching almost 100. For 2% silica content, the monolayer is in-between condensed and solid state. Thus, the incorporation of silica NP into POSS lm made it more rigid.
BAM images
Comparison of BAM images taken for pure POSS 7:1 (Table 1A) and those previously described of other POSS leads to the conclusions about the inuence of side groups in POSS molecule on the collapse behavior. For OE-POSS we observed a stepwise collapse accompanied with the appearance of bright, ake-like domains attributed to multilayer formation. As a result of further compression, these domains cracked and formed star-like structures. This behavior can be attributed to the presence of eight bulky, epoxycyclohexyl rings in the OE-POSS molecule. For POSS 7:1 we obtained uniform BAM images up to 15 mN m À1 corresponding to formation of homogenous, liquid-like lm and randomly shaped three dimensional structures when POSS 7:1 collapsed. The lm morphology observed for co-spread POSS-NP mixtures presented in images in Table 1 (B-D) seemed to be strongly depended on the silica content at the interface. For the mixed system with 0.5% silica concentration, network-like structures are visible in the liquid-expanded monolayer. During the compression, the lm became more compact but characteristic network-like morphology is visible up to 17 mN m À1 . At this state of compression almost whole surface is covered with homogenous lm. Similar morphology was recorded by Paczesny et al. for hydrophobic gold nanoparticles distributed in liquid crystal matrix. 35 For POSS 7:1 + SiO 2 1% we observed also dense network-like structure however at p ¼ 17 mN m À1 these domains merge into homogenous layer. For 2% concentration of silica, we observed stepwise formation of the homogenous lm of uniform contrast. For all silica concentrations BAM images taken during expansion revealed complete respreading of the material and this is why eventual chemical reaction at the interface between functional amine group on the silica surface and terminal glycidyl moiety in POSS molecule must be excluded.
On the other hand it is obvious that silica nanoparticles exhibit a very high specic surface area, which leads to interfacial interactions between the particles and the polymer matrix that mainly govern the new properties of the composites. This high specic surface, however, causes the attraction between NPs due to electrostatic van der Waals' forces and formation of large agglomerates with dimensions of several micrometers. In this case it seems that POSS molecules hinder silica NP aggregation and make the lm more ordered.
To sum up the BAM observations, we suggest that distribution of smaller POSS molecules between NP prevents silica from agglomeration at the interface. Thus, silsesquioxane molecules act as excellent dispersants which are required in many applications of nanomaterials. Similar effects have been observed for carbon nanotubes functionalized with POSS. 
Dilatational rheology
In order to investigate the rheological properties of the considered lms, we made oscillation barriers experiment for pure POSS 7:1 and a selected mixture, i.e. POSS 7:1 + 1.5% SiO 2 .
The obtained elastic (E 0 ) and viscous (E 00 ) modulus for different surface pressures are reported in Fig. 5a-d . The results obtained for pure POSS 7:1 ( Fig. 5a and b showed low, frequency-independent values. This effect can be attributed to the stability of the condensed lm. For POSS 7:1 + SiO 2 1.5% we observed also a linear response of both modulus to frequency variations, however the values of E 0 and E 00 were higher than those for pure POSS 7:1. This nding is in agreement with quasi-equilibrium elasticity shown in Fig. 4 and may be related to the fact that the incorporated silica enhanced structural ordering of the monolayer. Similar results have been published by Ravera et al. who demonstrated that mixing of palmitic acid with nanoparticles of highly hydrophobic surface led to formation of solid-like lms with high values of elasticity modulus. 37 Moreover, in the cited study, dilatational response was dependent on the hydrophobization degree of the nanoparticles. In another paper changes in dynamic behavior of DPPC mixtures with NP have been attributed to the formation of hydrophobic nanoparticle-lipid complex. 38 However, the presence of NP decreased the rigidity of lipid monolayer.
Langmuir-Blodgett lms
On the basis of the compressional modulus curves, we chose two systems: POSS 7:1 + SiO 2 1.5% and POSS 7:1 + SiO 2 2% to transfer the lms onto the solid substrate using the LangmuirBlodgett method. Transfer ratios and advancing contact angles measured on the surface of coated glass are reported in Table 2 . From these data we concluded that the quality of the transfer Table 1 BAM images of (A) pure POSS 7:1 monolayer, (B) POSS 7:1 + 0.5% SiO 2 , (C) POSS 7:1 + 1.0% SiO 2 , (D) POSS 7:1 + 1.5% SiO 2 This journal is © The Royal Society of Chemistry 2016 depended strongly on the surface pressure and silica concentration. For mixtures with 1.5% of silica the transfers are a little higher than 1 and for 2%-a little lower than 1. This suggests that for both mixtures the substrate was coated with a single monolayer of the material. On the other hand, water contact angles were signicantly higher for 2% content of silica and reached around 135.0 for all monolayer states, while for lower content of NP (1.5%) we obtained the highest WCA equal to 115.8 . We believe that this effect can be attributed to uori-nated side groups in POSS molecules which provide low surface energy at the coated surface and increased its roughness caused by nanoparticles. Unfortunately, the receding contact angles (not reported here) obtained during the measurement were very low indicating large hysteresis. It is also possible that crosslinking between POSS and functionalized silica nanoparticles which occurred aer mixing weakened the adhesion of silica to the glass.
To improve the quality of the lms it is necessary to continue this study by deposition of multilayers using POSS and NP. Nevertheless, our approach caused a signicant increase in substrate hydrophobicity with only single monolayer of the material. Taking into account relatively high costs of uori-nated POSS, it seems that the obtained results are show advantage over other coating techniques.
Conclusions
The results obtained in this work demonstrate that POSS-SiO 2 NP at the air/water interface can serve as model system to study nanoller effects in polymer systems. Increasing number of uorinated substituents in POSS molecule cause destabilization of the lm at the interface, however POSS 7:1 was found to be suitable to form mixed lm with silica nanoparticles. Antiaggregation behavior of POSS 7:1 at the interface seemed to be the dominant effect resulting in mixed lm formation and its stabilization. Several other phenomena were found to occur at the interface like competition between functional groups for the area occupied at the interface and molecular reorganization leading to equal distribution of nanoparticles. Large differences in cross-sectional areas of POSS and SiO 2 molecules implied variations in the course of p-A isotherms and lm morphology.
Our results conrmed incorporation of silica nanoparticles into POSS monolayer. Moreover, addition of silica to POSS monolayer made the lm more condensed and rigid. We succeed in deposition of the mixed lm on the solid substrate obtaining hydrophobic ultrathin Langmuir-Blodgett lm. Taking into account the results of our previous study, 23 this paper can be assumed as a new stage in fabrication of highly hydrophobic coatings composed of POSS and nanoparticles.
